Introduction

47
Fatty acid synthases (FAS) have been structurally studied during the last years, and a deep 48 understanding about the molecular foundations of de novo fatty acid (FA) synthesis has been 49 achieved [1] [2] [3] (Figure S1A and B). The architecture of fungal FAS (fFAS) was elucidated for the 50 proteins from Saccharomyces cerevisiae (baker's yeast) [4] [5] [6] and the thermophilic fungus Thermomyces 51 lanuginosus 7 , revealing an elaborate 2.6 MDa large α 6 β 6 barrel-shaped complex that encapsulates 52 fungal de novo FA synthesis in its interior ( Figure 1A) . The functional domains are embedded in a 53 scaffolding matrix of multimerization and expansion elements. Acyl carrier protein (ACP) domains,
54
shuttling substrates and intermediates inside the reaction chamber, achieve compartmentalized biofactories in microbial production of value-added compounds from saturated carbon chains [11] [12] [13] .
60
Facing the complexity of the fFAS structure, we recently started the project of deciphering its assembly 61 mechanism. We were interested in two aspects. First, based on the observation that fFAS can be 62 recombinantly expressed in E. coli 14, 15 , it can be posited that specific assembly factors are not 63 required for fFAS biogenesis. Autonomous self-assembly of fFAS may essentially be envisioned by 64 distributing the complexity of the assembly process onto a sequence of domain-domain interactions 65 that are formed one after another. We aimed to explore this sequence of events and to analyze 66 whether it can be correlated to the evolutionary development of fFAS, since it has been suggested that 67 assembly pathways generally reflect protein evolution 16 . Second, we sought to evaluate whether the 68 knowledge on fFAS assembly may be exploited for inhibiting de novo fungal FA synthesis in selective
69
antifungal therapy [17] [18] [19] , as well as for designing fFAS based biofactories 20 .
70
Our studies of the S. cerevisiae FAS assembly were greatly aided by engineering fFAS on the basis of 71 the available atomic resolution models [4] [5] [6] [7] 21 . Wildtype and several engineered S. cerevisiae FAS 72 constructs were used for complementing a FAS-deficient yeast strain. Full-length and truncated S.
73
cerevisiae FAS constructs were further recombinantly expressed in Escherichia coli. These tools in 74 hand, we were able to address fFAS assembly in a "forward-approach", which means that instead of 75 often-performed dissociation based ("reverse") approaches, we generated information based on halted 76 assembly states and truncated structures. Here, we present a multitude of data suggesting that S.
77
cerevisiae FAS autonomously assembles via a single dominant pathway, which we outline in three key 
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5
Results
101
The fFAS family is topologically heterogeneous on gene level: Genome sequence analysis has 102 characterized fFAS as a heterogeneous family comprising different gene-topological variants ( Figure   103 2A 
106
lanuginosus FAS, both representing the Ascomycota-type fFAS, the C-terminus of the β-chain and the
107
N-terminus of the α-chain intertwine to form the MPT domain (Figure 2Bi ) 4, 7 . In Tremellomycetes-type 108 fFAS, the termini of polypeptide chains form a 4-helical bundle (4HB) at the interface of the KR and the
109
KS domain (Figure 2Bii ). 
119
Abbreviations used as in Figure 1 . 
129
(iii). For an extended version of this figure see Figure S2 .
131
In a first experiment, we analyzed the assembly of above described fFAS variants by constructing Figure 2Bii and iii, and Figure S2A and B). 
152
To evaluate the impact of insertion elements on fFAS assembly, we further engineered fFAS 
161
SEC and TSA data show compromised stability of the proteins with deleted insertion elements, 
200
did not contain assembled FAS ( Figure 4C ). Non-assembled polypeptides were not visible in Native-
201
PAGE, which is best interpreted as degradation of non-assembled FAS as suggested earlier 25, 27 . 
206
We further modulated the interface of chains in the two-gene encoding fFAS variants Sc_Tre and 
213
As a next step in the analysis of the chain interaction, we mutated the MPT interface of S. cerevisiae
214
FAS and cloned constructs with point mutations in helix α1 ( Figure 4D ). Amino acids K2, E6, E8 and
215
H11 were selected as candidates based on their conservation in Ascomycota-type FAS, and mutated
216
to their most frequent exchanges in non-Ascomycota-type FAS. (Figure 4E ). All single mutated 217 constructs (pRS415_FAS1; mutated pRS413_fas2*; K2S, E6V, E8R and H11A) were able to restore
218
de novo FA synthesis in the FAS deficient yeast strain. However, double mutated constructs,
219
permutating the above amino acid exchanges, identified K2S-E8R-double mutated FAS as assembly 220 deficient (see Figure 4A -C). To better understand the impact of mutations, we analyzed custom-
221
synthesized peptide fragments in their secondary structure by CD-spectroscopy in co-solvents 29 . We 222 observed a high propensity of α1-peptide to form a helix, which was even more pronounced in the 223 K2S-E8R-mutated peptide ( Figure 4F ). According to these data, the assembly defect by the K2S-E8R 224 mutation, as observed in the complementation assay (see Figure 4A- 
258
Thermomyces lanuginosus (A4VCJ6, A4VCJ7), Tremella mesenterica (XP_007006732.1, XP_007006745.1),
259
Ustilago maydis (A0A0D1C5S0). F Analysis of custom-synthesized peptide fragments CD-spectroscopy recorded
260
at different TFE concentrations; peptides α1 (i), K2S-E8R-mutated α1 (ii) and in α67/68 (iii). For growth behavior
261
of additional mutants, see Figure S4C , Tables S3, S4 and S5). 
263 264
276
(CMN-bacterial FAS) has been reported before (Figure S7A-D 
279
The β-chain was not proteolytically stable as a separate protein in E. coli, which impaired in vitro 280 assembly experiments.
282
We dissected the α-chain from its C-terminus, and initially probed the role of the C-terminal PPT as a Figure 5A and Figure S8A) 
327
ACP tends to dimerize via a disulfide formation, giving (ACP-S)2, which can be used as read-out for PPT activity.
328
The disulfide bond is cleaved under the reducing conditions of the sample loading buffer. Lane M, marker; 1, 329 reaction solution; 2, ACP purified from the reaction solution and loaded on gel under non-reducing conditions; 3,
330
same as 2 but loaded on gel under reducing conditions; 4, apo-ACP reference. For an extended presentation of 331 data see Figure S8A . B Analysis of the αΔMPT-ACP construct. SEC on a Superose 6 Tricorn 30/100 column with 332 protein preparations from purifications under native and denaturing conditions. Peaks correspond to apparent 333 molecular weights of 400 kDa (○), 600 kDa (∆) and 800 kDa (□). The sharp peak in at about 8 ml corresponds to 334 protein aggregates eluting in the void volume.
(ii) SDS-PAGE gels of purified αΔMPT-ACP (see also Figure S8B ). constructs, in which the β-chain is elongated for internal competition in pseudo-single chain formation.
355
The elongation of the 11 amino acid long α1-helix already compromised the ability to restore FA de
356
novo synthesis, and the fusion of complete part α-chain coded MPT turned out to be lethal (see
357
Figure S4A-C).
359
Discussion
360
Data presented in this study indicate that the assembly of the α 6 β 6 S. cerevisiae FAS essentially 
373
gene fusion during the course of evolution, the KS dimer appears to have conserved its central role as 374 nucleation site for assembly 16, 26 . As disclosed by recombinant expressions in E. coli (see Figure 5A- 
375
C, and Figure S8A and B), the dominant structural role of the KS dimer is also evident in S. cerevisiae
376
FAS subconstructs KS-PPT and α_ΔMPT-ACP (domains structure KR-KS-PPT). (3) The barrel-
377
shaped structure encloses in a third and last process of assembly. On the way to forming the mature 378 α 6 β 6 -complex, KR dimerization (including the adjacent scaffolding domains DM1 and DM2) contributes 379 the largest remaining interface of 4,660 Å 2 (13,480 Å 2 upon α 6 -wheel assembly, see Figure 5C ). The 
393
As shown for S. cerevisiae FAS, fFAS assembly is robust and tolerates gene fusion and alternative
394
gene fission (see Figure S3 ). 
398
This property makes fFAS an attractive object in the endeavor to achieve microbial production of FA 
